Bleach digestion of sputum prior to smear preparation has been reported to increase the yield of microscopy for diagnosing pulmonary tuberculosis, even in high-HIV-prevalence settings. To determine the diagnostic accuracy of bleach microscopy, we updated a systematic review published in 2006 and applied the Grading of Recommendations Assessment, Development, and Evaluation framework to rate the overall quality of the evidence. We searched multiple databases (as of January 2009) for primary studies in all languages comparing bleach and direct microscopy. We assessed study quality using a validated tool and heterogeneity by standard methods. We used hierarchical summary receiver operating characteristic (HSROC) analysis to calculate summary estimates of diagnostic accuracy and random-effects meta-analysis to pool sensitivity and specificity differences. Of 14 studies (11 papers) included, 9 evaluated bleach centrifugation and 5 evaluated bleach sedimentation. Overall, examination of bleach-processed versus direct smears led to small increases in sensitivity (for bleach centrifugation, 6% [95% confidence interval {CI} ‫؍‬ 3 to 10%, P ‫؍‬ 0.001]; for bleach sedimentation, 9% [95% CI ‫؍‬ 4 to 14%, P ‫؍‬ 0.001]) and small decreases in specificity (for bleach centrifugation, ؊3% [95% CI ‫؍‬ ؊4% to ؊1%, P ‫؍‬ 0.004]; for bleach sedimentation, ؊2% [95% CI ‫؍‬ ؊5% to 0%, P ‫؍‬ 0.05]). Similarly, analysis of HSROC curves suggested little or no improvement in diagnostic accuracy. The quality of evidence was rated very low for both bleach centrifugation and bleach sedimentation. This updated systematic review suggests that the benefits of bleach processing are less than those described previously. Further research should focus on alternative approaches to optimizing smear microscopy, such as lightemitting diode fluorescence microscopy and same-day sputum collection strategies.
Sputum smear microscopy is a century-old test but remains the primary tool for diagnosing tuberculosis (TB) in low-income countries. Laboratories typically prepare Ziehl-Neelsenstained smears from unconcentrated sputum (direct smears). Direct smear microscopy is inexpensive, rapid, and highly specific in settings where tuberculosis is endemic. However, direct smear microscopy has poor sensitivity (range, 20 to 80%), particularly in HIV-coinfected patients (24) . Processing of sputum by chemical and/or physical methods is commonly used in middle-and high-income countries to increase the diagnostic sensitivity. Although such processing methods usually require expensive chemicals and/or equipment, the Stop TB Partnership Retooling Task Force identified bleach sedimentation as one of three promising approaches to improving the sensitivity of sputum smear microscopy in high-burden countries (29) .
Bleach (sodium hypochlorite) is an ideal chemical processing agent for use in low-income countries. It is widely available and inexpensive, and its disinfectant properties could improve infection control in laboratories lacking adequate biosafety facilities (3) . Bleach has been reported to increase the sensitivity of smear microscopy primarily through digestion of the mucus and debris in sputum, resulting in a clearer microscopy field (4) . A 2006 systematic review found moderate evidence supporting the efficacy of bleach processing followed by centrifugation (the sensitivity was increased 13% [95% confidence interval {CI}, Ϫ1 to 26%] compared to the results of direct microscopy) and limited evidence supporting the efficacy of bleach processing followed by sedimentation (24) .
Since the publication of that review, the evidence base has grown and approaches to the meta-analysis of diagnostic tests have evolved. In the updated review presented here, we employed state-of-the-art methods to summarize the literature comparing the diagnostic accuracy of smear microscopy performed after sputum was processed with bleach (followed by either sedimentation or centrifugation) with the accuracy of direct smear microscopy among patients being evaluated for pulmonary tuberculosis. We used the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) (23) framework adopted by the World Health Organization (WHO) to determine the overall quality of the evidence and discuss the advantages and challenges of applying the GRADE approach to the evaluation of diagnostic tests.
MATERIALS AND METHODS
We followed standard guidelines and methods for systematic reviews and meta-analyses of diagnostic tests (8, 12, 16, 20) .
Search methods. To update the prior systematic review which had conducted literature searches in 2005 (24), we searched the following electronic databases for primary studies in all languages: PubMed, EMBASE, Biosis, and Web of Science (2005 through 7 June 2009). The search terms included "tuberculosis," "Mycobacterium tuberculosis," "acid-fast bacilli," "sputum microscopy," "bacteriology," "sensitivity and specificity," "sputum concentration," and "direct microscopy." We also searched the reference lists of the eligible papers and related reviews to identify additional studies and contacted researchers in the field to identify unpublished or ongoing studies.
Study selection and data collection. We included studies that compared smear microscopy following sputum processing by bleach to direct sputum smear microscopy. We excluded the following types of studies: (i) studies using different staining and/or microscopy methods to compare bleach and direct smears, (ii) studies reporting insufficient data to determine diagnostic accuracy measures, (iii) abstracts and reviews, (iv) studies in which the microscopy stain was not reported, (v) studies with fewer than 10 participants, and (vi) studies that performed only bleach processing when the direct microscopy results were negative. We reviewed and extracted data from studies that did and that did not use mycobacterial culture as a reference standard for determining the accuracy of direct and bleach microscopy results. However, to minimize the risk of bias (26), we focus our analysis only on studies that used mycobacterial culture as a reference standard. The characteristics of the studies that did not use a reference standard are available from us upon request.
Two reviewers (A.C. and K.R.S.) independently screened the accumulated citations for relevance and then independently reviewed full-text articles using the prespecified eligibility criteria. The reviewers resolved disagreements about study selection by consensus. The same two reviewers then independently extracted data using a standardized data extraction form. The interreviewer agreement on the microscopy results was 100%.
Assessment of study quality. We assessed study quality using a subset of six criteria from QUADAS, a validated tool for diagnostic studies, applicable to this review (26) . Two reviewers (A.C. and K.R.S.) independently assessed the six QUADAS items for each study and resolved differences by consensus.
Data synthesis and meta-analysis. Since significant heterogeneity is expected among studies of diagnostic tests and summary estimates of diagnostic accuracy may not be meaningful when heterogeneity is present (17), we adopted the following overall approach. First, we decided a priori to separately synthesize data for bleach centrifugation and bleach sedimentation. Second, we used forest plots to visually assess heterogeneity. We also determined the amount of variation attributable to heterogeneity (I-squared value) and statistically tested for heterogeneity (chi-square test). Third, we used a random-effects model to calculate pooled estimates of diagnostic accuracy but interpreted the pooled results cautiously when heterogeneity was present. Finally, when there were sufficient studies, we performed subgroup analyses to explore the sources of heterogeneity.
We used two different approaches to calculate summary estimates of diagnostic accuracy. First, we derived pooled estimates of sensitivity and specificity for bleach and direct microscopy using hierarchical summary receiver operating characteristic (HSROC) analysis. (22) The HSROC approach jointly models sensitivity and specificity, weights studies according to the number of participants, and accounts for unmeasured heterogeneity between studies by using random effects. Next, we performed a random-effects meta-analysis to pool the sensitivity and specificity differences between bleach and direct microscopy reported in each study. We decided a priori to perform subgroup analyses on the basis of the sedimentation time and centrifugation speed. We performed the HSROC and random-effects meta-analyses in the Stata IC/10.0 program (Stata Corporation, TX) with the commands "metandi" and "metan," respectively. We obtained HSROC curves using the Review Manager (version 5.0) program.
Quality of evidence. GRADE defines the quality of evidence as the extent to which confidence in an estimate of the effect is adequate to support policy recommendations (14) . In judgments about quality of evidence, the GRADE approach considers six factors: study design, study limitations, directness of evidence, inconsistency of results, precision of results, and publication bias (23) . For diagnostic test evaluation, study designs considered to be high quality are randomized controlled trials, cross-sectional studies, and cohort studies that enroll patients with diagnostic uncertainty and use an appropriate reference standard. Study limitations summarize the risk of bias in diagnostic accuracy measures caused by poor-quality study design, as measured by QUADAS. Directness refers to whether evidence of an impact on patient-important outcomes is assessed and to the generalizability of the results. As dictated by GRADE, we downgraded quality scores for deficiencies in the six factors by 1 point (minor deficiencies) or 2 points (major deficiencies). After scoring the six factors, we assigned an overall quality score: high (0 points subtracted), moderate (1 point subtracted), low (2 points subtracted), or very low (Ն3 points subtracted).
RESULTS
Search results. The initial search yielded 1,200 citations ( Fig. 1) . After an independent, full-text review of 99 papers for study eligibility, 11 papers were included in the analysis (7 from the prior systematic review). Because some papers reported comparisons of more than one bleach processing method or of the same processing method with different staining techniques, there were 14 unique comparisons (referred to as studies) of bleach and direct microscopy.
Study characteristics. There was significant variation in the study setting, study design, and classification of the smear results (Table 1 ). Nine (64%) studies were conducted in high-tuberculosis-burden countries, and three (21%) studies included patients with confirmed HIV infection. The concentration of bleach and the duration of exposure to bleach varied across the studies. In addition, the duration and speed of centrifugation and the duration of sedimentation varied across the studies.
Bleach centrifugation (nine studies) (1, 6, 7, 9, 13, 18, 19, 27). All studies had a cross-sectional design. Five (56%) studies performed bleach processing using Ն5% bleach, five (56%) studies performed centrifugation at high speed (Ն2,500 rpm or Ն2,000 ϫ g), and seven (78%) studies examined smears using light microscopy (Ziehl-Neelsen stain). Six (67%) studies reported that direct and bleach-processed smears were prepared and interpreted in the same laboratory, and four (44%) studies reported that the laboratory in which microscopy was performed had an external quality assurance system in place. No study met all QUADAS criteria assessed (data not shown). Only three (33%) studies adequately described patient/specimen selection. The majority of the studies satisfied all of the other QUADAS criteria. Sensitivity was inconsistent across the studies for bleach centrifugation (range, 44 to 73%; I-squared, 75%; P Ͻ 0.001) and direct microscopy (range, 31 to 72%; I-squared, 87%; P Ͻ 0.001) ( Fig. 2A) . Estimates of the sensitivity difference between bleach centrifugation and direct microscopy were also inconsistent (range, Ϫ6 to ϩ38%; I-squared, 82%; P Ͻ 0.001) (Fig. 3A) . The pooled sensitivity was higher for bleach centrifugation (65%; 95% CI, 59 to 71%) than for direct (56%; 95% CI, 49 to 63%) microscopy. The results were similar when the two studies that used fluorescence staining (study b of Eyangoh et al. [9] and the study of Daley et al. [7] ) were excluded from the analysis (data not shown). When sensitivity differences were pooled across studies, bleach centrifugation microscopy was 6% (95% CI, 3 to 10%; P ϭ 0.001) more sensitive than direct microscopy.
Specificity was consistent for direct microscopy (range, 95 to 100%; I-squared, 46%; P ϭ 0.06) but was more variable for bleach centrifugation microscopy (range, 81 to 100%; Isquared, 88%; P Ͻ 0.001) ( Fig. 2A) . Estimates of the specificity difference between bleach centrifugation and direct microscopy were inconsistent (range, Ϫ16 to ϩ3%; I-squared, 87%; P Ͻ 0.001) (Fig. 3A) . Pooled specificity was high for both bleach centrifugation microscopy (96%; 95% CI, 93 to 98%) and direct microscopy (98%; 95% CI, 97 to 99%). However, there was a small but statistically significant decrease in specificity with bleach centrifugation microscopy (Ϫ3%; 95% CI, Ϫ4 to Ϫ1%; P ϭ 0.004). The HSROC curves for the two tests crossed and were close together, indicating that neither test was superior (Fig. 4A) .
Sensitivity and specificity differences were similar when the analysis was restricted to HIV-infected patients. In data pooled from three studies, bleach centrifugation microscopy was 8% (95% CI, 5 to 11%; P Ͻ 0.001) more sensitive and 1% (95% CI, Ϫ3 to ϩ1%; P ϭ 0.24) less specific than direct microscopy.
In subgroup analysis, estimates of the sensitivity difference were more consistent when the studies were stratified into low-speed (four studies; I-squared, 50%; P ϭ 0.12) versus high-speed (four studies; I-squared, 70%; P ϭ 0.02) centrifugation groups. Compared to direct microscopy, bleach microscopy was 3% (95% CI, 1 to 6%; P ϭ 0.02) more sensitive in studies using low-speed centrifugation and 7% (95% CI, 1 to 14%; P ϭ 0.002) more sensitive in studies using high-speed centrifugation. However, specificity was significantly decreased with high-speed centrifugation (Ϫ6%; 95% CI, Ϫ11 to Ϫ1%; 0.02) but not with low-speed centrifugation (Ϫ1%; 95% CI, Ϫ3 to ϩ1%; P ϭ 0.18).
Bleach sedimentation (five studies) (10, 11, 15, 18). All studies had a cross-sectional design. Two (40%) studies performed bleach processing using Ն5% bleach, three (60%) studies performed overnight sedimentation, and all studies examined smears using light microscopy (Ziehl-Neelsen stain). All studies reported that direct and processed smears were prepared and interpreted in the same laboratory. Two (40%) studies reported that the laboratory in which microscopy was performed had an external quality assurance system in place. Three (60%) studies met all QUADAS criteria (data not shown) (14, 17) . Of the remaining two studies, one did not enroll ambulatory TB suspects, neither adequately described patient selection, and one did not report whether the microscopy results were interpreted in a blinded fashion. Sensitivity was consistent across the studies for direct microscopy (range, 49 to 51%; I-squared, 0%; P ϭ 0.99) but not for bleach sedimentation microscopy (range, 52 to 83%; Isquared, 90%; P Ͻ 0.001) (Fig. 2B) . Estimates of the sensitivity difference between bleach sedimentation and direct microscopy were inconsistent (range, 2 to 33%; I-squared, 89%; P Ͻ 0.001) (Fig. 3B) . The pooled sensitivity was higher for bleach sedimentation microscopy (63%; 95% CI, 51 to 74%) than for direct microscopy (50%; 95% CI, 47 to 53%). When sensitivity differences were pooled across studies, bleach sedimentation microscopy was 9% (95% CI, 4 to 14%; P ϭ 0.001) more sensitive than direct microscopy.
Specificity was consistent for direct microscopy (range, 96 to 99%; I-squared, 8%; P ϭ 0.36) but was more variable for bleach sedimentation microscopy (range, 86 to 99%; I-squared, 90%; P Ͻ 0.001). Estimates of the specificity difference between bleach sedimentation and direct microscopy were inconsistent (range, Ϫ11 to ϩ 1%; I-squared, 88%; P Ͻ 0.001) (Fig. 3B) . Pooled specificity was high for both bleach sedimentation microscopy (96%; 95% CI, 91 to 99%) and direct microscopy (98%; 95% CI, 97 to 99%). However, there was a small decrease in specificity with bleach sedimentation microscopy (Ϫ2%; 95% CI, Ϫ5 to 0%; P ϭ 0.05), though this difference was not statistically significant. The HSROC curve for bleach sedimentation microscopy was closer to the upper left corner of the plot and entirely above the curve for direct microscopy, suggesting that bleach sedimentation microscopy has superior diagnostic accuracy (Fig. 4B) .
In subgroup analysis, estimates of the sensitivity difference were consistent among studies using short-term sedimentation (two studies; I-squared, 0%; P ϭ 0.85) but not overnight sedimentation (three studies; I-squared, 90%; P Ͻ 0.001). Compared to direct microscopy, bleach microscopy was 2% (95% , and true-negative (TN) microscopy results for all studies comparing direct microscopy and bleach centrifugation (A) or direct microscopy and bleach sedimentation (B). For each study, sensitivity and specificity were calculated using mycobacterial culture as a reference standard. The values in brackets in the sensitivity and specificity columns are 95% CIs.
CI, 1 to 4%; P Ͻ 0.001) more sensitive in studies using shortterm sedimentation and 20% (95% CI, 3 to 37%; P Ͻ 0.02) more sensitive in studies using overnight sedimentation. There was no significant difference in specificity with either shortterm sedimentation (Ϫ2%; 95% CI, Ϫ5 to 0%; P ϭ 0.05) or overnight sedimentation (Ϫ3%; 95% CI, Ϫ6 to ϩ 1%; P ϭ 0.17).
GRADE quality of evidence. For both bleach centrifugation and bleach sedimentation, the quality of the evidence was downgraded for directness (data were lacking on patient-important outcomes), inconsistency of the results across studies, and a lack of precision in summary estimates of diagnostic accuracy (Table 2 ). This resulted in an overall GRADE quality rating of "very low" for both bleach processing methods.
DISCUSSION
Enhanced smear microscopy is likely the only diagnostic test or strategy that can be widely implemented in the short term to improve tuberculosis case finding. Several approaches have been proposed to optimize smear microscopy, including fluorescence microscopy, same-day sputum collection strategies, and sputum processing methods, such as bleach processing (29) . In this systematic review, we found that examination of bleach-processed smears led to small (6 to 9%) increases in the sensitivity of microscopy compared to that by examination of direct smears. However, we also found that bleach processing resulted in small decreases (1 to 3%) in specificity, though this finding was statistically significant only for bleach centrifugation. Analysis of HSROC curves and pooled likelihood ratios (data not shown) also suggested no or little improvement in diagnostic accuracy with either bleach centrifugation or bleach sedimentation. Taking into account these and other factors, the quality of the evidence supporting bleach microscopy was rated very low. Overall, this systematic review suggests that bleach processing is unlikely to have a large impact on tuberculosis case detection in high-burden countries.
Bleach processing has been reported to facilitate identification of bacilli by providing a clearer microscopy field through digestion of mucus and debris and concentrating bacilli FIG. 3 . Forest plots of sensitivity and specificity differences. The forest plots show the difference (bleach microscopy minus direct microscopy) in sensitivity and specificity calculated for each study comparing direct microscopy and bleach centrifugation (A) or direct microscopy and bleach sedimentation (B).
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jcm.asm.org through centrifugation or sedimentation. However, digestion and concentration of debris may also increase the number of false-positive results (7) . Consistent with these observations, we found that bleach centrifugation microscopy was more sensitive than direct microscopy. However, in comparison to the findings in the previous review, the magnitude of the increase in sensitivity was smaller (6%; 95% CI, 3 to 10%). The 95% CI for the sensitivity difference excludes a more than 10% increase in sensitivity with bleach centrifugation over direct microscopy. Possible explanations for the smaller sensitivity difference in our review include (i) the inclusion of four additional studies published since the prior review, (ii) the use of random-effects rather than fixed-effects modeling, and (iii) the pooling of sensitivity differences using meta-analytic methods rather than simple weighted averages. The results were more positive for bleach sedimentation, particularly when overnight sedimentation was performed. Bleach processing followed by overnight sedimentation was associated with the largest increase in sensitivity (20%) over that of direct microscopy, but the 95% CIs were wide (3 to 37%). Similarly, a recent study of a standardized bleach method reported a 15% increase in the smear-positive proportion obtained with overnight bleach sedimentation compared to that obtained with direct microscopy (4). However, specificity was not measured since the study design did not include mycobacterial culture as a reference standard. A multicenter demonstration project of this standardized bleach sedimentation method is ongoing.
The major limitation of this review was the considerable heterogeneity in diagnostic accuracy estimates for both direct and bleach microscopy. However, the similar findings obtained across multiple different analyses lend support to our overall conclusions. In addition to inconsistent results across studies, we identified serious limitations in study design. To improve the quality of future studies, investigators should follow the general principles outlined by the Special Programme for the Research and Training in Tropical Diseases (TDR) Diagnostics Evaluation Expert Panel (2) when designing studies and the Standards for the Reporting of Diagnostic accuracy studies (STARD) checklist (5) when reporting studies. However, guidelines specific to TB diagnostic evaluations are also needed. Lastly, we did not evaluate for publication bias. To our knowledge, techniques to evaluate publication bias have not been adequately evaluated for diagnostic studies (25) .
In September 2009, the WHO applied the GRADE ap- FIG. 4 . HSROC curves. Pooled sensitivity (black dots) and specificity (gray dots) estimates were calculated using HSROC analysis for all studies comparing direct microscopy and bleach centrifugation (A) or direct microscopy and bleach sedimentation (B). (A) The HSROC curves for the two tests were nearly overlapping, indicating that neither test was superior. (B) The HSROC curve for bleach sedimentation microscopy was entirely above the curve for direct microscopy, suggesting that it has superior diagnostic accuracy. Of note, any comparison of tests between the two graphs is not valid. a Only studies that used culture as a reference standard were included. b Quality of evidence was downgraded for insufficient evidence on patientimportant outcomes. Only three studies included patients with confirmed HIV infection. Several studies were carried out in high-HIV-prevalence settings, although limited data on the HIV status of individual patients were available.
c Wide confidence intervals, especially for sensitivity estimates, were observed for both bleach-processed and direct microscopy.
d The overall quality rating was assessed by summing the number of points subtracted (shown in parentheses) for each of the six factors affecting the quality of evidence: 0 points, high quality; 1 point, moderate quality; 2 points, low quality; Ն3 points, very low quality.
proach to TB diagnostics for the first time to develop guidelines for improving sputum smear microscopy, and the results of this systematic review were considered by an expert group (28) . Our experience from this meeting prompts several observations. First, GRADE offers a systematic, objective, and transparent process and requires the explicit use of systematic reviews and evidence summaries. This framework makes it less likely for discussions to be dominated by expert opinions. Second, GRADE forces policy makers to give attention to patientimportant outcomes. In the GRADE framework, well-designed studies of diagnostic accuracy can provide high-quality evidence on test accuracy. However, these studies may provide only low-quality evidence for guideline development because of uncertainty about the link between test accuracy and patient impact. It follows that studies providing estimates of accuracy alone, as seen in this review, can never achieve a rating of "high-quality" evidence in the GRADE system, a particular challenge for diagnostic evaluations. Lastly, the lack of familiarity of systematic reviewers, policy makers, and TB experts with the GRADE process is a major challenge to its implementation (21) .
Conclusions and recommendations. In summary, our updated systematic review suggests that the benefits of bleach processing are less than those previously described. A WHO expert group that considered these findings concluded that bleach microscopy should not be recommended at this point. Further efforts should focus on alternative approaches to optimizing smear microscopy, such as light-emitting diode fluorescence microscopy and same-day sputum collection strategies. The GRADE approach is relatively new in its application to diagnostic testing, and increased familiarity with the approach is needed to facilitate effective policy development.
